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Abstract 

Ionic polymer metal composite (IPMC) is one of typical electromechanical 

transducing materials integrating actuation and sensing functions. In this work, we 

systematically investigate the evolution of the capacitance, surface resistance and 

ionic electrical response of strip shaped IPMC under different humidity conditions. 

For each parameter, we have performed a set of static and dynamic humidity sensing 

tests, considering the change of the thickness, cations and impregnation-reduction 

plating (IRP) times. Through conducting a series of experiments, it is concluded that 

the humidity-capacitance sensing has achieved a much wider sensing range (22% RH 

- 100%RH in this work, comparing with 40% RH - 90%RH in previous work) and an 

increased sensitivity (256μF in this work, comparing with140nF in previous work). In 

the meantime, humidity-surface resistance sensing has the perception of the full 

humidity range. While the humidity-ionic electrical response sensing can only 

respond to dynamic humidity changes but showing a very fast response time of less 

than 0.5 s, which will be of great significance in some special humidity detection 

scenarios, such as the rapid detection and alarm of leakage of equipment with constant 

humidity. For each case, it implies a fact that the water absorption capacity of surface 

electrode and inter layer determines the humidity sensing abilities, such as response 

speed, amplitude and so on.  

 

Key words: IPMC, humidity sensing, capacitance, surface resistance, ionic electrical 

response 
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1 Introduction 

Ionic polymer metal composite (IPMC) is one type of electroactive materials 

with excellent sensing and actuation ability, which has been widely used as actuators 

and sensors (deformation, pressure, humidity and so on) in the field of bionics [1-4]. 

IPMC typically consists of a sheet of electrically activated polymer (usually Nafion, 

Flemion and Aciplex) sandwiched by two conductive electrodes. Inside the polymer, 

the anions covalently bound to the polymer chain are balanced with movable cations, 

which can migrate through the nano-ion channels [5, 6]. In terms of actuation, when 

applying a voltage to the electrodes, cations move rapidly under the action of electric 

field. IPMC bends sharply due to uneven pressure gradient, presenting two 

advantages of high curvature and high sensitivity [7, 8]. In terms of sensing, IPMC 

has inherent sensing characteristics because of the redistributed cations in response to 

uneven stress and ion concentration [9, 10]. When IPMC bends, cations migrate under 

the action of pressure gradient, so a perceptive electrical signal can be measured 

between the electrodes, which can be used to measure the deformation of IPMC [11, 

12]. When a mechanical force is applied to IPMC, ion migration will generate 

electrical signals due to directional pressure, which can be used to measure the 

applied pressure of IPMC [13-15]. Based on the above mechanisms, IPMC can be 

utilized as deformation and pressure sensors. Meanwhile, due to the water swelling 

and ion selective permeability of inter-layer, the physical parameters of IPMC, such as 

capacitance, surface resistance and ionic distribution, will definitely change so that 

IPMC can also be potentially used for humidity sensors. 
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In fact, humidity was firstly studied as an influencing factor of the 

electromechanical behavior of IPMC. Junho Li et al. researched the water uptake and 

migration effects of IPMC actuator in 2005 [16]. In 2007, Eiichi Shoji et al. studied 

the effects of humidity on the performance of IPMC actuators [17] and in 2011, Paola 

Brunetto et al. characterized the temperature and humidity influence on IPMC as 

sensors [18]. In 2016, Zicai Zhu et al. found that the environmental humidity has a 

great influence on the bending deformation sensing signal of IPMC [19, 20]. Based on 

the influence of humidity on the actuating behavior, Jie Ru et al. proposed a 

mechanism that used the coupling of humidity and electrical signal to control IPMC 

actuation in 2018 [21]. The previous studies showed that IPMC is sensitive to water 

molecular and has the potential to be developed into a humidity sensor. Meanwhile, 

the work of using IPMC in humidity sensing began in 2017, Emad Esmaeli et al. used 

Ti and Cr as the adhesion layer between Nafion and Au electrodes to prepare IPMC 

samples and its capacitance value was measured under different static humidity 

environment [22]. Subsequently, Fahimeh Beigi et al. performed an improved study 

on IPMC humidity sensing in 2018 that they prepared IPMC with Nafion membrane 

doped with layered double hydroxide (LDH) nanoparticles to increase the water 

absorption of IPMC and studied its ionic electrical response to humidity [23]. 

In previous works, researchers mainly focus on the response of single parameter 

of IPMC to humidity. In fact, IPMC consists of one ionomer and two electrode layers. 

The ionomer acts a key role on humidity sensing ability of IPMC. The internal 

composition of the ionomer includes two-phase microstructure (solid-liquid), which 
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represents agglomerate molecular long chain and ionic solvent region, respectively, 

and the end of the long chain has hydrophilic sulfonic acid group, which can bond 

cations together with several water molecules. Therefore, the ionomer has intrinsic 

water swelling, ion migration and other characteristics, which results in 

multi-parameter responses under the effect of humidity. As a stable commercial ion 

exchange membrane with high hygroscopicity and ion selectivity, Nafion is the most 

commonly used humidity sensitive ionomer [24-26]. In this work, we employed the 

Nafion film as an interlayer of IPMC. As shown in Fig. 1, after absorbing water, the 

physical properties of IPMC show obvious uneven swelling changes. Firstly, the 

swelling of Nafion layer after absorbing water leads to the change of the capacitance 

of the double layer. It indicates that this material can be potentially used as a 

capacitance-humidity sensor. Secondly, due to the loose characteristics of the surface 

electrode, the resistance of the electrode layer increases accordingly together with the 

volume change caused by IPMC water absorption, with which IPMC can be 

potentially used as a resistance-humidity sensor. Finally, internal ions migrate in a 

directional way under the action of uneven swelling of IPMC, and ionic electrical 

response can be detected between the electrode layers. It means that IPMC can be 

potentially used as a voltage-humidity sensor.   

In this work, it is the first time to comprehensively study the responses of various 

physical parameters of IPMC under the humidity effect. It will be helpful to 

distinguish the advantages of each mechanism, and to select a relatively suitable 

sensing mechanism in a specific application. We investigated the effects of humidity 
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on the capacitance, surface resistance and ionic electrical response of IPMC, and the 

factors affecting its humidity sensing performance were discussed and clarified, such 

as the thickness of interlayer and electrode layer and cations type. 

 

Fig. 1. Mechanism of IPMC humidity sensing 

 

2 Experimental Section 

2.1 Preparation of IPMC 

 

Fig. 2. The preparation process of IPMC 

In this experiment, Nafion117 is used as the interlayer, which was purchased 

from Dupont, USA. Auxiliary reagents such as Pd(NH3)4Cl2, NaBH4, and HCl were 

obtained from J&K Chemical Inc.(Beijing, China). The preparation process is shown 

in Fig. 2. The preparation process used in this work is different from the traditional 

process that only impregnation-reduction plating is used, considering the balance of 

conductivity and water absorption. The detailed preparation process is described as 

follows. 
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(a) Pretreatment. The matrix film of a certain size was cut and cleaned by ultrasonic in 

deionized (DI) water for 30 min (50℃). Then the film was immersed in HCL at 2 

mol/L (99℃) and DI water (99℃) for 30 min. The purpose of this process is to 

remove the impurity on the substrate surface. 

(b) Impregnation-reduction plating (IRP). The pre-treated membrane was placed in an 

ammonia solution of Pd(NH3)4Cl2 at 0.01 mol/L, heated and oscillated in a water bath 

thermostatic oscillator for 60 min (50℃, 90 r/min). After rinsed with DI water, the 

film was soaked in ammonia solution of NaBH4 at 0.02 mol/L and heated for another 

30 min (50℃, 90 r/min). The process is to replace the palladium ions in the palladium 

complex into the polymer and to reduce the palladium ions to palladium particles on 

the surface of the matrix film. Sample with more IRP times can be prepared by 

repeating this step. 

(c) Post-treatment. The sample was trimmed after IRP step, then soaked in 0.2 mol/L 

alkali solution (LiOH, NaOH, KOH) for 2 h, and finally put in DI water for standby 

use. The purpose of this step is to conduct cation (Li+, Na+, K+) exchange. 

Table 1. The parameters of IPMC samples 

Number Thickness (mm) Cation type IRP times 

A 0.05  Na+ 1 

B 0.1  Na+ 1 

C 0.2  Na+ 1 

D 0.05  Li+ 1 

E 0.05  K+ 1 

F 0.05  Na+ 2 

G 0.05  Na+ 3 

After the preparation, all the samples were cut into sheets with the size of 5 

mm×25 mm. The surface images of sample A, F and G observed by a metallurgical 
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microscope are shown in Fig. 3. It is worth noting that the color temperature and 

white balance of each image are different due to the difference in the surface 

sensitivity.  According to the experiment design scheme, the samples used in our 

experiments are numbered and listed in Table 1. By comparing sample A, B and C, 

the influence of thickness on IPMC humidity sensing can be clarified. By comparing 

sample A, D and E, the influence of cation types was analyzed and discussed together 

with the influence of IRP times by comparing sample A, F and G. 

 

Fig. 3. Metallurgical microscope image of different samples. (a) 200 times magnification of the 

surface of sample A. (b) 200 times magnification of the surface of sample F. (c) 200 times 

magnification of the surface of sample G. (d) 1000 times magnification of the surface of sample A. 

(e) 1000 times magnification of the surface of sample F. (f) 1000 times magnification of the 

surface of sample G. 

 

2.2 Method and characterization 
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2.2.1 Characterization of capacitance and surface resistance responses 

According to the aforementioned in section 1, the capacitance and surface 

resistance of IPMC will change with varying humidity because of the swelling 

characteristics of the inter-layer after water absorption, it might have a certain 

corresponding relationship between them. We set up a static test platform to measure 

the capacitance and surface resistance of IPMC at a fixed humidity, which is 

composed of a PC, a multimeter with a PC interface channel and static humidity 

environment. The saturated salt solutions were used to obtain stable relative humidity 

environment, which is considered to be a more convenient method with high 

reliability by far. In 1976, Lewis Greenspan measured 28 saturated salt solutions and 

gave the results of an experiment to balance relative humidity and temperature [27]. 

From Lewis's experimental results, we selected 7 readily available saturated salt 

solutions to create different relative humidity environments. In addition, a humidity 

level that is close to 0% RH was obtained by placing excess allochroic silicagel in a 

confined space, which is a commonly used desiccant that absorbs almost all the 

moisture in the confined space. A humidity level of almost 100% RH was obtained by 

placing pure water in a confined space. All humidity environments need to be set for 

over 12 h to stabilize the humidity. The relative humidity levels of the nine 

environments at room temperature (25℃) were shown in Table 2. 

Table 2. Relative humidity of each environment at room temperature(25℃) 

Type of salts Allochroic silicagel LiCl CH3COOK MgCl2 

RH(%) Close to 0 11 22 33 

Type of salts K2CO3 NaBr NaCl KCl Pure water 
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RH(%) 43 57 75 84 Close to 100 

The measuring process is shown in Fig. 4 (a). IPMC sample was clamped by a 

fixture and placed in a humidity bottle containing saturated salt solution. The bottle 

was sealed with PE film and there was no contact between the liquid and IPMC. The 

parameters of the sample to be measured of the sample were obtained by a VICTOR 

86E multimeter and recorded in the PC in real time. As shown in Fig. 4 (b), the fixture 

was hollow frame on one side and solid plate on the other side to ensure that only one 

side of IPMC sample can perform humidity exchange with the humidity environment 

eliminating the influence caused by uneven moisture absorption on both sides. The 

moisture absorption area on one side of the sample was 5 mm×18 mm. Before each 

test, the humidity bottle should be sealed and set for over 12 h at room temperature to 

stabilize the humidity in the bottle. Each measuring time should be kept above 4 h to 

allow the sample fully conducting humidity exchange at the given humidity level. 

 

Fig. 4. Capacitance and resistance measuring platform. (a) The measuring progress of 
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capacitance and resistance. (b) The structure of the jig. (c) The electrode arrangement of the 

connections during capacitance and resistance measurement. 

As shown in Fig. 4 (c), the static measuring platform is suitable for both 

capacitance measurement and surface resistance measurement. The only difference 

between them is the electrode arrangement of the connections. For capacitance 

measurement, electrodes are arranged on both sides of the sample, while electrodes 

are arranged on both ends of the same side of the sample for surface resistance 

measurement. Therefore, it is necessary to change the fixture when measuring 

parameters are switched. 

 

2.2.2 Characterization of ionic electrical response 

According to the humidity sensing mechanism of IPMC, an electrical signal can 

be detected between two electrodes after ion migration caused by water absorption. 

Different from capacitance and surface resistance, after IPMC fully exchanges at a 

fixed humidity, its internal ions will no longer migrate, and the stabilized voltage 

value will gradually approach to 0 V in theory. Subsequently, we performed the 

dynamic humidity test where four gradients of relative humidity (57%-0%, 57%-43%, 

57%-84%, and 57%-100%) were set to explore the dynamic ionic electrical response 

of IPMC from 57% RH to another humidity level. 
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Fig. 5. The mini-chamber for the humidity test 

In order to achieve quick humidity switch, a mini-chamber with an inner length 

of 20 mm and an inner diameter of 18 mm was produced by 3D printing technology. 

As shown in Fig. 5, the chamber is composed of two similar parts, one of which is 

equipped with a beam structure. The IPMC sample was placed close to the beam and 

can be clamped by the other part. In addition to preventing the deformation of the 

sample under the action of airflow, the beam structure can also ensure that only one 

side of the sample exchanges water with humidity environment. Because of the small 

size inside the mini-chamber, it is easy to switch from one humidity environment to 

another. 

 

Fig. 6. Ionic electrical measuring platform 
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The ionic electrical measurement platform is shown in Fig. 6. Saturated salt 

solution was filled into two humidity tanks A and B. Tank A was filled with saturated 

NaBr solution to achieve a stable humidity of 57% RH, and different humidity 

gradients were achieved by changing the humidity gas in tank B. Tank A and tank B 

are connected to two ends of a three-way valve by pipes, the other end of which is 

connected to the mini-chamber. In order to prevent backward flow, two check valves 

are set at the front and rear ends of the cavity. During measurement, air pump 1 was 

started first and the gas in tank A with relative humidity of 57% RH was pumped into 

the chamber. It wss ensured that IPMC contacts with gas A for several hours until its 

voltage response value is stable. Then the three-way valve was adjusted to pump the 

gas in tank B into the chamber. Due to the instantaneous switch of humidity, ionic 

electrical response will be detected between two sides of the sample. The entire 

voltage data was recorded on LABVIEW platform of PC via a data acquisition card of 

NI USB-6001. Due to the small magnitude of the generated electrical signals, a signal 

amplifier module was set up ahead of acquisition, and the generated electrical signals 

were amplified by 50 times. In order to ensure the reliability of the humidity in the 

chamber, three RH monitors were placed in the humidity tanks and the final exit to 

detect the humidity level of the gas into and out of the chamber in real time. 

 

3 Results and Discussion 

3.1 Water absorption and desorption characteristics 
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In order to understand the humidity response characteristics of IPMC, the 

investigations on the water absorption and desorption characteristics of different 

samples were carried out first. For the absorption process, IPMC sample were heated 

in a vacuum drying oven at 80℃ for 12 h (named full dry state) and then it was 

placed in the room humidity (40% RH) condition. For the desorption process, the 

samples were soaked in DI water for more than 12 h (named full wet state) and placed 

in room humidity (40% RH) condition after wiping off the surface water with wet 

filter paper. The mass of IPMC was detected by an electronic balance during the two 

progresses. The mass in full dry state is defined as mdry, and the real-time mass in the 

process of water loss and water absorption is defined as m, the water content is 

defined as W, then the real-time water content calculation formula can be expressed as 

follow: 

dry

dry

m

mm
W

−
=                               (1) 



 15 

 

Fig. 7. Changes of water content of different samples during water absorption and 

desorption. (a) Water absorption and desorption progress of samples with different thickness. (b) 

Water absorption and desorption progress of samples with different cations. (c) Water absorption 

and desorption progress of samples with different IRP times. 

Fig.7 shows the evolution of water content during water absorption and 

desorption for each sample. It can be seen from the curves that the total trend presents 

a quick drop for desorption and a slow rise for absorption, and then slowly reaching 

equilibrium position for all samples. Theoretically, the final equilibrium position, 

whether desorption or absorption, will reach the same value in the air. However, in 

fact there is an obvious gap between them for each sample, which is attributed to the 

insufficient exchange time. In terms of thickness (Fig.7 (a)), the sample with smaller 
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thickness shows a higher speed of water desorption and absorption. Because the 

thicker Nafion has a larger ion storage capacity, more palladium ions are exchanged 

during the immersion process and reduced to the surface during the IRP process, 

which would result in more compact surface electrode and block water molecules 

from coming in and out. The water content evolution of the samples with different 

cations was given in Fig.7 (b). In the first 10s, the downward trend of water content 

looks exactly the same for each sample and from 10 s to 30 s, water desorption of 

sample D becomes slower than sample A and E. Meanwhile, the water content of 

equilibrium position is shifted from 0.05 for sample K+ to 0.12 for sample Li+, which 

was decided by the ability of cations to bind water molecules. According to ion drag 

theory in solution, the binding water molecular capacity of the three cations meets the 

following order of Li+>Na+>K+, which leads to the difference in the equilibrium water 

content among them. As for the upward trend of water content, the speed of water 

absorption also satisfies the order of Li+>Na+>K+. For the reason of almost no water 

molecules inside sample after vacuum drying, the stronger the water binding capacity 

of the cation, the faster the cations absorb water and vice versa. Fig.7 (c) shows the 

water content evolution of the samples with different IRP times. The sample with less 

IRP times has the faster water absorption and desorption speed, which is also 

determined by the degree of surface electrode looseness. When the IRP times are 

increased, more Pd+ will be deposited on IPMC surface and the surface electrode will 

become more compact. The water absorption and desorption characteristics of 
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different samples could cast a light on the characteristics of humidity response and 

results. 

 

3.2 Humidity-capacitance response 

 

Fig. 8. Capacitance evolution of sample A under different humidity conditions. (a) 

Capacitance evolution of sample A at 0% RH. (b) Capacitance evolution of sample A at 11% RH. 

(c) Capacitance evolution of sample A at 22% RH. (d) Capacitance evolution of sample A at 33% 

RH. (e) Capacitance evolution of sample A at 43% RH. (f) Capacitance evolution of sample A at 

57% RH. (g) Capacitance evolution of sample A at 75% RH. (h) Capacitance evolution of sample 

A at 84% RH. (i) Capacitance evolution of sample A at 100% RH. 

The capacitance evolution was evaluated by transferring sample A from room 

humidity (40% RH) to a set of humidity levels as presented in Table 2. Sample A was 

placed in room humidity for about half an hour before being placed in other humidity 

levels. The test results are shown in Fig. 8. When the humidity set was less than or 

equal to 33% RH, the capacitance value presented a relatively quick downward trend 
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while a slowly upward trend would appear when the humidity set was between 43% 

RH and 57% RH separately. When the humidity set was higher than 60% RH, at first 

the capacitance quickly soared to a peak and then slowly decreased. At most humidity 

levels, capacitance achieved a stable value within half an hour, but it would take a 

longer time to stabilize at 22% RH. 

The circularity and long-term stability of humidity capacitance sensing are 

shown in Figure 9. As shown in Fig. 9(a), the circularity was tested by sample G, the 

capacitance value during the humidity down process is slightly higher than that during 

the humidity up process. As shown in Fig. 9(b), the long-term stability was 

characterized by testing the capacitance value of sample A under 57% RH. It shows a 

relatively stable trend within 8 days, and the capacitance error rate is about 7%. 

 

Fig. 9. (a)Circularity of sample G in humidity capacitance sensing. (b) Long-term stability of 

sample A under 57% RH. 

We extracted the steady-state value of the capacitance response after 4 h from 

Fig.8, which were shown in Fig. 10 (a) (black line). Consistent with Emad Esmaeli's 

experimental results, the capacitance value measured by the multimeter was close to 0 

uF at 0% RH and 11% RH. One possible explanation is that the internal moisture 
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content of IPMC is too low to measure the capacitive reactance of IPMC at the 

inherent frequency (50 Hz) of the multimeter. With the increase in humidity, the 

steady-state capacitance value of sample A gradually climbs up, which results from 

the increased surface area and internal dielectric constant after hygroscopic expansion 

of IPMC. However, as the humidity increases further (higher than 60% RH), the 

steady-state capacitance value of sample A shows a downward trend, which is 

attributed to the looseness degree of the surface electrode. K.Narimani et al. [28] 

proposed a model to explain the above capacitance evolution. The surface electrode of 

IPMC presents intrinsic cracks, which will expand after water absorption, and then the 

surface electrode layer will be torn. Due to the weak connection force and expansion 

effect after water absorption among the loose electrode zones on the surface, cracks 

spread and scattered islands of small electrodes are formed. Therefore, the whole 

IPMC is divided into many small capacitors, and only a part of them can be measured 

by the multimeter so that the capacitance presents a downward trend. 

Following the above procedure, the other samples in Tab.1 were also put into 

given humidity levels in Table 2 for 4 h, the steady-state capacitance value after 4 h of 

each sample were extracted and shown in Fig. 10. The effects of thickness on the 

steady value of capacitance response were evaluated by comparing sample A, B and C, 

which were shown in Fig. 10 (a). When the humidity level is less than 22% RH, the 

capacitance value of each sample is 0 μF. At 22% RH, it can be seen that sample A 

has a capacitance value of 2.4 μF, while sample B and sample C have capacitance 

values of nearly 0 μF. It indicates that a thinner sample has a better response at low 
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humidity level, which can be attributed to a higher water absorption capacity of 

sample A than sample B and C according to the test results in Fig. 7 (a). When the 

humidity level is between 22% and 57%, sample A has the highest steady value of 

capacitance, sample B takes the second place and sample C has the lowest steady 

value of capacitance. It is caused by the water absorption capacity of each sample. 

When the humidity level is higher than 57% RH, sample C has the highest steady 

value of capacitance while the other two samples show a downward trend. Meanwhile, 

it is worth noting that the capacitance values of sample C presents an approximate 

linear relation to humidity levels unlike sample A and B. 

 

Fig. 10. Comparison of the steady value of capacitance response of each sample at different 

humidity. (a) The steady value of capacitance response of samples with different thickness at 
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different humidity. (b) The steady value of capacitance response of samples with different cations 

at different humidity. (c) The steady value of capacitance response of samples with different IRP 

times at different humidity. 

By comparing sample group (A, D and E) and sample group (A, F and G), we 

further evaluate the effects of cations and IRP times on the steady value of the 

capacitance responses, as shown in Fig. 10 (b) and (c) respectively. In Fig. 10 (b), for 

each sample, the steady value of the capacitance response was 0 μF when the 

humidity level is lower than 22% RH. And at 22% RH, sample D has the largest 

capacitance value of 11 μF because of its best water absorption capacity. The steady 

value of the capacitance responses of sample D keeps 0 μF until the humidity level 

reaches 57% RH, which is related to its poor water absorption capacity. In Fig. 10 (c), 

it shows a similar rule that the sample with less IRP times has a higher steady value of 

capacitance responses at low humidity level due to its better water absorption capacity. 

And as the IRP times increase, the steady value of capacitance responses shows an 

upward trend as the humidity level increases. One reasonable explanation could be 

more IRP times causing higher electrode connection force and worse water absorption 

capacity.  

In order to further investigate the characteristics of capacitance response, the 

response rate of all samples listed in Tab.1 were explored and calculated. Each sample 

was placed in 33% RH for 4 h to stabilize its capacitance value, then it was quickly 

placed in 57% RH environment and capacitance changes were recorded before sorting. 

The real-time capacitance value of IPMC is defined as C, the steady-state capacitance 
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value at 33% RH is C33%RH and the steady-state capacitance value at 57% RH is 

C57%RH. The response degree is defined as ω, the calculation formula of which is as 

follow. 

33%

57% 33%

RH

RH RH

C C

C C


−
=

−
                        (2) 

The evolution of ω for different samples shows that the response speed of 

different samples is consistent with their water absorption capacity, as shown in Fig. 

10. As the thickness (Fig. 11 (a)), cation radius (Fig. 11 (b)) and IRP times (Fig. 11 (c)) 

of the sample increase, the response speed becomes slower.  

 

Fig. 11. Comparison of response degree of each sample from 33% RH to 57% RH. (a) The 

evolution of response degree of samples with different thickness. (b) The evolution of response 

degree of samples with different cations. (c) The evolution of response degree of samples with 

different IRP times. 
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As for the humidity perception, more concerns were focused on the sensitivity at 

low humidity levels. Therefore, the sensitivity of each sample when the humidity 

level is less than or equal to 22% RH was calculated and listed in Table 3. It can be 

seen that most samples nearly have no sensing ability while sample D has the highest 

sensitivity of 61.36 μF.   

Table 3. Sensitivity of each sample between 0%RH and 22%RH 

Sample A B C D E F G 

Sensitivity(μF) 11.36 0 0 61.36 0 3.18 2.09 

From the above results, sample D shows the highest response speed and the 

highest sensitivity at low humidity level. The only drawback of it is that its steady 

value of capacitance responses shows a downward trend at high humidity level, but 

that can be improved by increasing the thickness or IRP times. 

 

3.3 Humidity-surface resistance response 

Considering that the surface resistance response is only related to the impedance 

characteristics of the surface electrode and has little relation to the internal state and 

thickness of IPMC, we selected sample A, F and G to evaluate the effects of IRP times 

on the surface resistance response. 
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Fig. 12. Resistance evolution of sample G under different humidity conditions. (a) Resistance 

evolution of sample G at 0% RH. (b) Resistance evolution of sample G at 22% RH. (c) Resistance 

evolution of sample G at 43% RH. (d) Resistance evolution of sample G at 57% RH. (e) 

Resistance evolution of sample G at 84% RH. (f) Resistance evolution of sample G at 100% RH. 

The surface resistance evolution was evaluated by transferring sample G from 

room humidity (40% RH) to 0% RH, 22% RH, 43% RH, 57% RH, 84% RH and 

100% RH, respectively, which were selected from Table 2. Sample G was placed in 

room humidity for about 0.5 h before being placed in other humidity levels. The test 

results are shown in Fig. 12. As the humidity level increases, the steady value of 

surface resistance response of sample G increases as well. And it takes a longer time 

to reach stable state as the humidity gradient becomes greater. For example, it takes 

20 min for sample G to stabilize at 57% RH, while it takes about 3 h to stabilize at 

100% RH. 

The circularity and long-term stability of humidity resistance sensing are shown 

in Figure 13. As shown in Fig. 13(a), the circularity was tested by sample G, the 

resistance value during the humidity down process is slightly higher than that during 
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the humidity up process. As shown in Fig. 13(b), the long-term stability was 

characterized by testing the resistance value of sample A under 57% RH. It shows a 

relatively stable trend within 8 days, and the capacitance error rate is about 5.3%. 

 

Fig. 13. (a)Circularity of sample G in humidity resistance sensing. (b) Long-term stability of 

sample A under 57% RH. 

Similarly, sample A and F were placed in the given humidity levels for 4 h to test 

their surface resistance evolution. The steady-state surface resistance value after 4 h of 

sample A, F, and G were extracted and shown in Fig. 14. First of all, the steady-state 

surface resistance value of each sample shows an upward trend as the humidity level 

increases. A.Punning et al. [29] proposed a model to explain it. The surface electrode 

of IPMC is separated and there are cracks between the electrode blocks. The surface 

resistance will increase along with the size of the cracks. When the humidity level 

rises, IPMC will expand by absorbing water and the size of the cracks will get large 

accordingly so that the surface resistance will increase. Our previous work also 

confirmed this point. The surface electrode change of IPMC during water desorption 

were observed by a confocal microscope [30]. The size of the cracks showed a 

downward trend as the water content decreased. Meanwhile, it can be intuitively seen 
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that the sample with less IRP times has a higher steady-state surface resistance value 

and sensitivity, which is determined by surface resistance and water absorption 

capacity of each sample. 

 

Fig. 14. Resistance response of samples with different IRP times at different humidity 

 As for the sensitivity, each sample has a higher sensitivity at higher humidity 

levels. For example, when the humidity is lower than 84% RH, the sensitivity is 

relatively stable, when the humidity is higher than 84% RH, the sensitivity rises 

sharply, which should be related to the water content of the sample under certain 

humidity. For this reason, we measured the water content of sample G at given 

humidity levels. Sample G was placed in different humidity bottles for 12 h to allow 

its mass to reach stable state. Formula (1) was used to calculate the equilibrium water 

content of sample G at certain humidity level and the calculating results were shown 

in Fig. 15. It can be seen that the increase rate of water content becomes higher as the 

humidity level increase, which is consistent with the change rule of sensitivity. In 

addition, it is obvious that the sample with fewer IRP times has a higher sensitivity. 
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Because the sensitivity is relatively stable when the humidity is lower than 84% RH, 

we calculated the sensitivity between 0% RH and 84% RH, sample A has a sensitivity 

of 88.9 Ω, while sample F and G have the sensitivity of 2.2 Ω and 1.4 Ω. 

 

Fig. 15. Equilibrium water content of sample G under given humidity level 

In order to further investigate the response characteristics of surface resistance, 

the response rate of sample A, F, and G were explored and calculated. Each sample 

was placed in 57% RH for 4 h to stabilize its surface resistance, then it was quickly 

placed in 0% RH and the surface resistance changes were recorded before sorting. 

The real-time surface resistance value is defined as r, the stable surface resistance 

value at 0% RH is R and the stable capacitance value at 57% RH is R57%RH. The 

response degree is defined as η and the calculation formula can be expressed as 

follow. 

57%

57%

RH

RH

R r

R R


−
=

−
                        (3) 

The evolution of η for different samples shows that the response speed of 

different samples is also consistent with their water absorption capacity, as shown in 
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Fig. 16. As the IRP times of the sample increase, the response speed will become 

slower.  

 

Fig. 16 .Comparison of response degree of each sample from RH 57% to RH 0% 

Through the above research, it can be concluded that the surface resistance 

response can realize sensing of the full humidity range while the capacitance response 

can only sense humidity higher than 22% RH. And we can obtain higher sensitivity 

and response speed by reducing the IRP times of the sample. 

 

3.4 Humidity-ionic electrical response 

The voltage evolution was evaluated by switching sample B to given humidity 

levels after stabilized at 57% RH. The test results are shown in Fig. 17. First of all, the 

voltage shows an upward trend from 57% RH to higher humidity levels while it 

shows a downward trend from 57% RH to lower humidity levels. Because when the 

humidity level is switched from 57% RH to a higher one, the ion concentration on the 

hygroscopic side of IPMC will decrease by absorbing water, thus the cations will 

move from the fixed surface to the hygroscopic surface, and vice versa. In addition, it 

can also be concluded that the voltage amplitude will rise along with the humidity 
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gradient. Since the humidity gradient increases, IPMC will absorb or lose more water 

so that a larger voltage amplitude will generate. In terms of response time, the ionic 

electrical response shows an extremely short time of less than 0.5 s compared with the 

capacitance and surface resistance response. 

 

Fig. 17. Voltage change of sample B from 57% RH to other humidity levels. 

As for humidity-ionic electrical response, the results display a vector feature 

from decrease to increase for the same humidity levels, which cannot be characterized 

by traditional circularity. Therefore, we tested the humidity absorption and desorption 

response of sample G as shown in Fig. 4(a). The polarity of the voltage response 

during humidity absorption and desorption process is opposite, and the absolute value 

of the moisture absorption response is slightly larger. It is worth noting that for the 

case of 0% RH-57% RH, the voltage response is almost approach to 0 V. This is 

ascribed to the slow process of absorbing water after fully water loss, which has been 

observed in our previous work [2]. As shown in Fig. 4(b), The long-term stability was 

characterized by testing the peak voltage value of sample A from 57% RH to 100% 

RH. It shows a relatively stable trend within 8 days, and the voltage error rate is about 

4.7%. 
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Fig. 18. (a)Circularity of sample G in humidity ionic electrical response. (b) Long-term stability of 

the peak voltage of sample A from 57% RH to 100% RH. 

The voltage maximum of each sample in Tab.1 was extracted as the ionic 

electrical response value and shown in Fig.19. The effects of thickness on the ionic 

electrical response value were evaluated by comparing sample A, B and C, which was 

shown in Fig. 19 (a). When the thickness of the samples increases from 0.05 mm to 

0.1 mm, the ionic electrical response value increases apparently, while when the 

thickness further increases to 0.2 mm, the ionic electrical response value drops to a 

very low level. One possible reason could be that ionic electrical response is the result 

of the comprehensive action of the number of cations and the water absorption 

capacity. As the thickness of the sample increases, the number of cations contained in 

the inner layer will increase subsequently but the water absorption capacity of the 

sample will decrease according to Fig. 7. Compared with sample A, the influence of 

increasing number of cations of sample B is greater than the influence caused by the 

decrease of the water absorption capacity, so the ionic electrical response value 

increases. As for sample C, although the number of the cations increases further, the 



 31 

influence of its water absorption capacity is much greater, so the ionic electrical 

response value decreases. By comparing sample group (A, D and E) and sample 

group (A, F and G), we further evaluate the effects of cations and IRP times on the 

ionic electrical response, as shown in Fig. 19 (b) and (c) respectively. In Fig. 19 (b), it 

can be clearly seen that the ionic electrical response value of samples with different 

cations is consistent with their water absorption capacity. Sample D has the highest 

electrical response value that is 10-fold higher than sample A and E. In Fig. 19 (c), the 

ionic electrical response value of samples with different IRP times also corresponds 

with their water absorption capacity. As the IRP times increase, the ionic electrical 

response value of samples decreases subsequently. 

 

Fig. 19. Comparison of voltage response of each sample at different RH gradient. (a) Voltage 
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response of samples with different thickness at different RH gradients. (b) Voltage response of 

samples with different cations at different RH gradients. (c) Voltage response of samples with 

different IRP times at different RH gradients. 

As for the sensitivity, it is also different from the capacitance and resistance. We 

defined the sensitivity as the ratio of the peak voltage to the difference of humidity 

levels, and the sensitivity of each sample from 57% RH to 100% RH was calculated 

and shown in Table 4. The sensitivity of each sample is still related to the moisture 

absorption capacity, sample D shows a sensitivity of 23.7 mV, which is far superior to 

other samples. 

Table 4. Sensitivity of each sample from 57%RH and 100%RH 

Sample A B C D E F G 

Sensitivity(mV) 2.42 4.56 0.88 23.7 2.09 1.49 1.16 

In order to further investigate the characteristics of ionic electrical response, the 

response time and rate of each sample was explored and calculated. The ionic 

electrical response process from 57% RH to 100% RH of each sample was studied. 

The ionic electrical response amplitude from 57% RH to 100% RH is defined as ΔV, 

and the response time is defined as t, then the response rate can be defined as ΔV/t. 

The response time and response rate of each sample are listed in Table 5. It can be 

concluded that the response time is related to the water absorption capacity of the 

sample. As the water absorption capacity increases, the response time will rise. The 

response rate is determined by the response time and response amplitude, and sample 

D has the fastest response rate of 6 mV/s. 

Table 5. The response time and response rate of each sample 
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Sample A B C D E F G 

t(s) 0.5 0.4 0.32 1.7 0.2 0.3 0.2 

ΔV/t(mV/s) 2.08 4.9 1.19 6 4.5 2.13 2.5 

Through the above research, it can be concluded that the ionic electrical response 

has an extremely short response time of less than 0.5 s, which is much shorter than 

that of capacitance and surface resistance response. With the increase of the water 

absorption capacity of the samples, the ionic electrical response value will become 

larger but the response time will be longer. 

 

4 Conclusion 

In this work, the humidity sensing performance of IPMC is systematically 

investigated through capacitance, resistance and ionic electrical response for the first 

time. Considering the change of the thickness, cations and impregnation-reduction 

plating (IRP) times, a set of humidity sensing tests by static and dynamic humidity 

platform were performed for each specific parameter. It is found that capacitance and 

resistance can sense static humidity, while ionic electrical response can only sense 

dynamic change of humidity. The humidity response characteristics are closely related 

to the water absorption capacity of the sample. Samples with stronger water 

absorption capacity will generate greater humidity response. In addition, we also 

found that the capacitance response cannot respond to all the humidity levels (only 

working from 22% RH to 100% RH), and the ionic electrical response is much 

quicker (less than 0.5 s) than the capacitance and resistance response (several hours). 

The obtained results of IPMC sensors could be feasible for humidity sensing in 
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practical applications like robotic, biomimetic, etc. In the future work, the empirical 

findings obtained in the experiment will be applied to humidity detection, and a 

multiparameter humidity sensor will also be developed. 
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